TORC1 (target of rapamycin complex 1) plays a central role in regulating growth, development, and behavior in response to nutrient cues. We previously showed that leucine-derived monomethyl branched-chain fatty acids (mmBCFAs) and derived glucosylceramide promote intestinal TORC1 activity for post-embryonic development and foraging behavior in Caenorhabditis elegans. Here we show that clathrin/adaptor protein 1 (AP-1)-dependent intestinal apical membrane polarity and polarity-dependent localization of the vacuolar-type H + -ATPase (V-ATPase) mediate the impact of the lipid pathway on intestinal TORC1 activation. Moreover, NPRL-3 represses mmBCFA-dependent intestinal TORC1 activity at least partly by regulating apical membrane polarity. Our results provide new insights into TORC1 regulation by lipids and membrane polarity in a specific tissue.
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Received April 8, 2015; revised version accepted May 29, 2015. Regulatory mechanisms that coordinate nutrient availability and metabolic status with growth, development, and behaviors are critical for animals' survival. The TORC1 (target of rapamycin complex 1) pathway is one of the major signaling pathways known to sense the levels of nutrients and metabolites-including amino acids, growth factors, and energy-for a broad range of physiological functions (Zoncu et al. 2011 ). Many studies indicate that TORC1 is activated by multiple mechanisms to account for variations in upstream signals. For example, the TSC/Rheb and AMPK pathways mediate the growth factor (insulin) and energy level-dependent TORC1 activity, respectively (Laplante and Sabatini 2012; Jewell et al. 2013) . Mechanisms of TORC1 activation by certain nutrients such as amino acids and lipids are less clear and appear to be independent of these known signaling pathways (Laplante and Sabatini 2012; Jewell et al. 2013; Zhu et al. 2013) . Recent studies have also indicated that different mechanisms are involved in TORC1 activation by different amino acids (Jewell et al. 2015; Wang et al. 2015) . Therefore, despite extensive studies in the TORC1 field, outstanding questions regarding cellular and molecular mechanisms underlying TORC1 activation remain to be answered. In addition, studies using animal models are needed to analyze TORC1 regulation and functions in specific tissues for specific physiological functions.
Caenorhabditis elegans is an excellent model to study TOR signaling-related physiological functions, including development, aging, metabolism and, behaviors (Vellai et al. 2003; Sheaffer et al. 2008; Jones et al. 2009; Soukas et al. 2009; Robida-Stubbs et al. 2012; Webster et al. 2013) . We previously established a regulatory connection between a lipid biosynthesis pathway and TORC1 activation in the C. elegans intestine. We showed that monomethyl branched-chain fatty acids (mmBCFAs) and their derived sphingolipid glucosylceramide (GlcCer) impact post-embryonic growth, development, and foraging behavior (Kniazeva et al. 2008 (Kniazeva et al. , 2015 Zhu et al. 2013) . TORC1 activity in the intestine mediates the impact of this lipid pathway, as constitutive TORC1 activity overcomes the physiological defects caused by lipid deficiency (Zhu et al. 2013; Kniazeva et al. 2015) . In addition, we showed that the NPRL-2/3 complex negatively regulates this lipid-promoted TORC1 activity (Zhu et al. 2013) , consistent with the parallel or subsequent findings in other organisms (Bar-Peled et al. 2013; Panchaud et al. 2013; Wei and Lilly 2014) . Here we investigated the mechanism by which these lipids activate intestinal TORC1 activity.
Results and Discussion
Identification of factors mediating the regulation of TORC1 by mmBCFA-derived GlcCer To identify factors mediating the impact of mmBCFA-derived GlcCer on TORC1 signaling (Fig. 1A) , we performed a multiassay, candidate-based RNAi screen (Fig. 1B) based on the following properties shared by both the lipids and TORC1: (1) required for post-embryonic growth and development (loss of function causes larval arrest) (Kniazeva et al. 2004 (Kniazeva et al. , 2008 Zhu et al. 2013) , (2) required for normal foraging behavior ( Fig. 1C ; Kniazeva et al. 2015) , (3) expressed in the intestine (Marza et al. 2009; Seamen et al. 2009; Zhu et al. 2013; Kniazeva et al. 2015) , and (4) required for TORC1-dependent nucleolar localization of FIB-1 protein (the C. elegans ortholog of fibrillarin) ( Fig. 1D-F ; Supplemental Fig. S1B ; Sheaffer et al. 2008; Zhu et al. 2013 ). These properties were further confirmed by RNAi of three other genes known to be involved in the lipid-TORC1 pathway, such as a major TORC1 component (daf-15/raptor) and genes involved in the mmBCFA/sphingolipid de novo pathway (sptl-1 and let-767) ( Fig. 1G-I ; Supplemental Fig. S1 ; Entchev et al. 2008; Zhu et al. 2013) .
By this approach, we tested 206 candidate genes with the reported larval arrest phenotype Simmer et al. 2003) and found that RNAi knockdown of 120 genes caused a foraging defect ( Fig. 1C Table 1 ). Fifty-one of these 120 genes are expressed in the intestine (Materials and Methods; Supplemental Table 2 ). We then assayed for TORC1 activity by the FIB-1 localization assay and found that RNAi knockdown of 19 genes caused FIB-1 mislocalization (see the Materials and Methods), suggesting that these genes likely have a positive impact on intestine-specific TORC1 activity ( Fig. 1J ; Supplemental Tables 3, 4).
Lipid-dependent intestinal apical polarity is critical for TORC1 activity Among the candidates, two genes (aps-1 and apm-1) encode subunits of the adaptor protein 1 (AP-1) complex (Shim et al. 2000; Boehm and Bonifacino 2001) , suggesting a role of AP-1 in the lipid-TORC1 pathway ( Fig. 1J ; Supplemental Tables 3, 4) . Previously, subunits of AP-1, clathrin, and enzymes required for GlcCer synthesis were reported to be essential for intestinal apical polarity maintenance, as loss of function in each of these three pathways resulted in mislocalization of the apical membrane protein ERM-1 (Zhang et al. 2011 (Zhang et al. , 2012 . We thus explored whether apical membrane polarity is involved in the impact of mmBCFA-derived lipids on TORC1 function. We first tested the requirement of mmBCFA biosynthesis for intestinal apical membrane polarity and found that blocking mmBCFA biosynthesis by elo-5(RNAi) caused a drastic mislocalization of ERM-1::GFP ( Fig. 2A-C ; Supplemental Fig. S2 ) and that the defect was completely suppressed by mmBCFA supplementation ( Fig. 2D ; Supplemental Fig. S2 ). These results confirm the hypothesis that the mmBCFA-derived glycosphingolipid (d17iso-GlcCer) is required for maintaining apical membrane polarity in the C. elegans intestine.
We then analyzed the functional relationship between intestinal apical membrane polarity and TORC1 activity, since both events require mmBCFAs. We first tested a potential regulatory role of TORC1 on apical polarity and found that RNAi knockdown of two major TORC1 components, let-363/TOR and daf-15/RAPTOR (Hara et al. 2002; Long et al. 2002; Jia et al. 2004) , did not disrupt the apical localization of ERM-1::GFP ( Fig In the control condition, ERM-1::GFP strictly localizes at the intestinal apical (luminal) membrane. Deficiency of mmBCFA elongase elo-5 caused disorganized localization of ERM-1::GFP in addition to the ERM-1::GFP level decrease (relative GFP intensity: control RNAi 82.8 [n = 6]; elo-5 RNAi 14.7 [n = 17]; P = 7.6 × 10 −7 ). The ERM-1::GFP localization was restored by exogenous mmBCFA supplement. RNAi of TORC1 component let-363/TOR or daf-15/raptor did not cause intestinal membrane polarity defects. The statistical data are described in Supplemental Figure S2 . (G-J) Representative fluorescence images showing the FIB-1::GFP localization in the intestinal nuclei under the indicated RNAi treatments. Unlike the control, where FIB-1::GFP is condensed in the nucleoli, RNAi of the three genes required for intestinal apical polarity caused a punctate or diffuse pattern of FIB-1::GFP. The statistical data are described in Supplemental Table 3 and Supplemental Figure S1B .
Polarity mediates lipid-TORC1 activity S2). This indicates that the intestinal polarity defect observed in mmBCFA-deficient animals was not due to a repression of TORC1 activity.
The fact that RNAi targeting AP-1 subunits aps-1 and apm-1 significantly disrupted TORC1-dependent nucleolar localization of FIB-1::GFP (Fig. 2G-I ) suggested that AP-1-dependent polarity is potentially required for TORC1 activation. We further investigated this by testing whether disruption of other genes required for apical membrane polarity also down-regulate the intestinal TORC1 activity. In addition to AP-1 components, RNAi knockdown of clathrin component chc-1 (clathrin heavy chain) (Grant and Hirsh 1999) as well as conserved par-6 (partitioning defective protein 6) or dlg-1 (homolog of Drosophila discs large), required for apical polarity (Goldstein and Macara 2007) , also mislocalized FIB-1::GFP ( Fig. 2J ; Supplemental Fig. S1B ). In contrast, RNAi of AP-2, which is not required for intestinal apical polarity (Boehm and Bonifacino 2001; Zhang et al. 2012) , did not mislocalize FIB-1::GFP (Supplemental Fig. S1B ). These data suggest that TORC1 activity is dependent on intestinal apical polarity. This notion is also supported by the data that constitutively active TORC1 suppresses larval arrest caused by mmBCFA deficiency (Zhu et al. 2013) , which provides the evidence for TORC1 acting downstream from apical membrane polarity in the intestine. Taken together, these data indicate that the mmBCFA/sphingolipid/clathrin/ AP-1-dependent intestinal apical polarity is critical for TORC1 activity.
mmBCFA-dependent membrane polarity regulates apical localization of the vacuolar-type H + -ATPase (V-ATPase) that in turn affects intestinal TORC1 activation The search described above also identified several subunits, including vha-6, of the V-ATPase, a highly-conserved membrane-bound H + pump ( Fig. 1J ; Supplemental Tables 1-4; Lee et al. 2010) . Further tests of FIB-1::GFP localization showed that multiple V-ATPase subunits are required for intestinal TORC1 activity (Fig. 3A) , which is consistent with a previously indicated role of the mammalian V-ATPase in TORC1 activation (Zoncu et al. 2012) . Our further analysis also excluded that the vha-6(RNAi) phenotypes are mainly caused by reducing mmBCFA biosynthesis (Supplemental Fig. S3A-F) . Because VHA-6 is localized on the intestinal apical membrane (Allman et al. 2009 ), we hypothesized that its localization may be disrupted by loss of apical membrane polarity in mmBCFAdeficient animals. Indeed, we found that the localization of VHA-6::mCherry at the apical membrane was disrupted; apical-localized VHA-6::mCherry was reduced, and a subset mislocalized to large intestinal vesicles in mmBCFA-deficient worms ( Fig. 3B,C; Supplemental  Fig. S3G ). These defects were completely restored by mmBCFA supplementation ( Fig. 3D; Supplemental Fig.  S3G ). RNAi knockdown of components in the sphingolipid de novo pathway (such as sptl-1) or clathrin/AP-1 pathway (such as chc-1) also caused similar mislocalization defects ( Fig. 3F,G; Supplemental Fig. S3G ). These defects were not likely to be a secondary result of inactivating TORC1, since VHA-6::mCherry was not mislocalized in animals treated with RNAi of TORC1 components ( Fig.  3E; Supplemental Fig. S3G ). These data suggest that the apical localization of VHA-6 significantly contributes to intestinal TORC1 activity.
NPRL-3 may repress TORC1 activity at least in part by regulating apical membrane polarity
In our previous work, we identified the NPRL-2/3 complex as the repressor of the mmBCFA-dependent intestinal TORC1 activity in worms (Zhu et al. 2013) , which is consistent with the TORC1-repressive roles of this complex identified in parallel studies using mammalian cells and other model organisms (Bar-Peled et al. 2013; Panchaud et al. 2013; Wei and Lilly 2014) . Specifically, an nprl-3 loss-of-function (lf) mutation constitutively activates intestinal TORC1 and consequently suppresses the mislocalization of FIB-1 and larval arrest caused by deficiency of mmBCFA or its derived GlcCer (Zhu et al. 2013) . Since apical membrane polarity is an upstream event of TORC1 activation in the intestine, as shown above, we asked whether nprl-3(lf) could also restore the intestinal apical polarity in mmBCFA-deficient worms. Such a role would not be expected if NPRL-3 simply represses the function of a key TORC1 component, as was reported in mammalian cells (Bar-Peled et al. 2013) . Surprisingly, we found that apical localization of ERM-1:: GFP was greatly improved in elo-5(lf) nprl-3(lf) double mutants compared with elo-5(lf) single mutants ( Fig.  4A-C; Supplemental Fig. S4A ). This nprl-3(lf)-caused polarity restoration is independent of TORC1 activation, since daf-15/raptor RNAi did not disrupt the apical polarity of elo-5(lf) nprl-3(lf) double mutants (Supplemental Fig. S4F-H) . In addition, the nprl-3(lf) mutation partially restored the apical localization of VHA-6::mCherry under mmBCFA deficiency (Supplemental Fig. S4B-E) . Consistent with these restorations, nprl-3(lf) also partially suppressed the developmental defects caused by the partial loss of function of chc-1, apm-1, and aps-1 (Fig. 4D-H) . Combined with the above data showing that TORC1 is not required for apical membrane polarity in the intestine, these results reinforce the conclusion that apical membrane polarity plays a critical role in mediating the impact of the lipid pathway on TORC1 activation in the intestine and suggest that NPRL-3 represses TORC1 activity at least in part by regulating apical membrane polarity.
Perspectives
Using C. elegans development as a model, we show that clathrin/AP-1-dependent apical membrane polarity, requiring mmBCFA-derived GlcCer, plays a crucial role in TORC1 activation in the intestine (Fig. 4I) . Because this lipid biosynthesis pathway requires several common nutrients (branched-chain amino acids, mmBCFAs, and glucose) and multiple enzymatic reactions (Kniazeva et al. 2004; Zhu et al. 2013) , the impact of this pathway on membrane polarity and TORC1 activity may have important implications on how specific nutrients and lipid metabolism pathways affect animal development and behaviors. Although TORC1 activity is a prominent downstream event of apical polarity, the latter is most likely to also affect other cellular signaling events and functions.
Such a role of membrane polarity may not be easily identified by TORC1 research using nonpolarized cell cultures, the systems predominantly used to analyze the mechanisms underlying mTORC1 activation by certain nutrients. Mechanistic studies of mTORC1 activation by amino acids have focused mainly on specific proteins (such as RagA, V-ATPase, or amino acid transporters) that may mediate the impact of the nutrients on mTORC1 (Kim et al. 2008; Zoncu et al. 2012) . However, how these proteins are being regulated under amino acid deprivation is still not clear (Laplante and Sabatini 2012) . Whether membrane polarity plays a crucial role in amino acid sensing by TORC1 could be an intriguing question to explore.
Another significant finding in this work is that NPRL-3 represses intestinal TORC1 activity at least in part by regulating apical membrane polarity, which is likely the key reason that nprl-3(lf) robustly suppresses the larval developmental defects in mmBCFA-deficient worms (Zhu et al. 2013 ). This function of the worm NPRL-2/3 complex is distinct from the reported role of the NPRL2/3 complex as a GTPase-activating protein to regulate RagA/B in mammalian cell lines and yeast (Bar-Peled et al. 2013; Panchaud et al. 2013 ). Since our finding was made by analyzing a specific tissue (intestine) for specific physiological roles (development and behavior), it might be important to test the conservation of such a role of the NPRL2/3 complex on membrane polarity using other model organisms.
Our work also supports an essential role for GlcCer to regulate apical membrane polarity and protein localization. Because activating TORC1 and/or restoring the apical polarity suppress most of the developmental/behavioral defects caused by mmBCFA deficiency (Zhu et al. 2013; Kniazeva et al. 2015) , maintaining the polarity appears to be an important physiological role of this lipid pathway. Interestingly, mice with enterocyte-specific knockout of the GlcCer synthase gene also showed postnatal lethality with abnormal intestinal structure and nutrient uptake failure in the intestine (Jennemann et al. 2012) . The unknown mechanism underlying these defects in mice may be potentially similar or related to the mechanism in C. elegans described in this study.
Our data also suggest a role for apical localization of the V-ATPase in TORC1 activation in the intestine, which appears to be distinct from the indicated role of the V-ATPase at the lysosomal membrane in mammalian cells. Although the V-ATPase has been indicated to (Zhang et al. 2012 ).
Polarity mediates lipid-TORC1 activity acidify the lysosome lumen in mammalian cells (Lee et al. 2010) , it is unlikely that the C. elegans V-ATPase regulates the pH of lysosome-related organelles (LROs; the worm equivalent of acidified lysosomes in the intestine [Hermann et al. 2005] ) because there was no significant difference in LRO pH between wild-type and elo-5 (RNAi) (Supplemental Fig. S3H-J) or vha-6(RNAi) animals (Allman et al. 2009 ). This is consistent with the prominent localization of VHA-6::mCherry on the intestinal apical membrane but not on the membranes of LROs ( Fig. 3B ; Oka et al. 2001) . Consistent with the important function of nonlysosomal TORC1 in the worm intestine, TORC1 has also been reported to be activated at nonlysosomal locations in yeast and mammalian tissue culture cells (Betz and Hall 2013) . The subcellular localization of TOR in C. elegans has not been reported despite numerous functional studies on the protein, and thus far we have failed to make a functional translational fusion reporter. The exact subcellular location of apical polarity-dependent TORC1 and how the V-ATPase and other proteins on the apical membrane regulate this TORC1 function in the worm intestine remain to be investigated further.
Additional discussion regarding potential mechanisms underlying the regulation of intestinal apical polarity by mmBCFAs and NPRL-3 is presented in the Supplemental Material.
Materials and methods

Dietary supplements
Fatty acid C17ISO (Larodan) was prepared as a 10 mM stock in DMSO. A stock solution was mixed with 500 μL of OP50 overnight bacterial suspension in a 1:10 ratio and spotted on the appropriate plates (NGM or RNAi) according to the experiment.
Preparation of the mmBCFA-deficient eggs and larvae
For experiments using elo-5(gk208) mutants, elo-5(gk208) adults maintained on plates with 1 mM C17ISO were washed in M9 buffer and bleached, and eggs were plated on NGM plates spotted with 500 μL of OP50 overnight liquid culture. Under these conditions, elo-5(gk208) animals would typically grow to the third larval stage and arrest as mmBCFA-depleted worms.
For experiments using RNAi, adult animals of the corresponding strains were washed off OP50/NGM plates and bleached, and eggs were plated on elo-5(RNAi) plates prepared according to the standard protocol. Adults of the next generation were bleached for eggs, producing C17ISO-deficient L1-arrested larvae.
Lipid analysis by gas chromatography
The gas chromatography analysis was carried out according to the published method (Kniazeva et al. 2008) .
RNAi analysis by feeding
All RNAi by feeding, except daf-15(RNAi) or let-363(RNAi), used bacterial clones from the Medical Research Council (MRC) RNAi library or the ORF-RNAi library (Open Biosystems). let-363(RNAi) was made as described (Zhu et al. 2013) . For the daf-15(RNAi) construct, a PCR fragment of daf-15 genomic DNA (71-871 nucleotides [nt] ) was inserted into the L4440 vector by EcoRI/KpnI. For experiments other than the foraging assay, feeding RNAi experiments were done as previously described (Kniazeva et al. 2008 ). The RNAi-based foraging behavior test method is described in the Supplemental Material.
nprl-3(lf) developmental rescue experiment
To test developmental rescue of the temperature-sensitive chc-1(b1025) mutant, the chc-1(b1025) and nprl-3(lf) chc-1(b1025) animals were grown to adults at the permissive temperature (15°C) and then laid eggs for 2-3 h. To bypass the requirement of chc-1 in the embryonic stage, after removing adults, the eggs were kept at the permissive temperature and then transferred for 24 h to the restrictive temperature (25°C) before returning to 15°C again. The percentage of animals arrested before the L3 stage were counted. For other experiments, wild-type or nprl-3(lf) adults were bleached on the indicated RNAi plates, were grown to adults, and laid eggs. The percentage of arrested animals was scored in the next generation.
Intestinal apical protein localization test
The ERM-1::GFP or VHA-6::mCherry transgenic adults were spotbleached on the indicated RNAi bacteria plates. Arrested animals (RNAitreated animals arrested at postnatal day 0 [P0] or F1 generation) or animals at the equivalent stage (RNAi-treated animals without the arrest phenotype) were mounted on a 2% agar pad with a drop of M9 (plus 25 nM NaN3). Fluorescent images were captured by Nomarski microscopy. The number of animals with normal/abnormal localization was counted.
Statistical analysis
All statistical analyses (except Lysotracker staining and fluorescence signal quantification experiments) were performed by the χ 2 test or Fisher's exact test (when the number of any group in the experiment was smaller than six), and P < 0.05 was considered a significant difference. Statistical analyses for the Lysotracker staining experiment and fluorescence signal quantification experiments were performed by Student's t-test, and P < 0.05 was considered a significant difference.
Additional Materials and Methods are in the Supplemental Material.
